Introduction
============

Intraflagellar transport (IFT) proteins are a group of proteins which were first found to be essential for cilia formation.^[@bib1],[@bib2]^ So far, 20 IFT proteins have been identified. These proteins form intraflagellar transport complex A (IFT-A) and complex B (IFT-B).^[@bib3]^ IFT-A contains six proteins (IFT144, IFT140, IFT139, IFT122, IFT121 and IFT43)^[@bib4; @bib5; @bib6]^ and IFT-B contains fourteen proteins (IFT20, IFT22, IFT25, IFT27, IFT46, IFT52, IFT54, IFT57, IFT70, IFT74/IFT72, IFT80, IFT81, IFT88 and IFT172).^[@bib4],[@bib6; @bib7; @bib8]^ IFT proteins cooperate with IFT motors (kinesin and dynein) to drive macromolecules from the base to the tip of the cilium (anterograde transport) and from the tip of the cilium back to the cell body (retrograde transport).^[@bib9]^

IFT20 is the smallest of the IFT complex B proteins, and has several unique features. IFT20 is anchored to the Golgi complex by Golgin protein, i.e., Golgi Microtubule Associated Protein 210/thyroid hormone receptor interacting protein 11. IFT20 is involved in ciliary protein sorting,^[@bib10],[@bib11]^ and also exhibits strong interactions with IFT57/Hippi and kinesin II subunit Kif3b, indicating its role in IFT complex and motor assembly.^[@bib12]^ Hematopoietic stem cells have been believed to lack of IFT protein related signaling due to lack cilia.^[@bib13]^ Recently, however, a breakthrough discovery was made by Finetti *et al*.^[@bib14]^ showing that IFT20 is expressed in lymphoid and myeloid cells, indicating that IFT20 has functions independent of cilia formation. They demonstrated that IFT20 is involved in the polarized recycling of the T-cell receptor (TCR)/CD3 complex, which connects IFT with membrane trafficking.^[@bib14]^ When antigen-presenting cells present antigens to T cells, IFT20 promotes polarized recycling and clustering of the TCR at the immune synapse. Knockdown of IFT20 in T cells blocks both constitutive TCR recycling and the polarization of TCR recycling to the immune synapse.^[@bib14]^ These novel findings demonstrated that IFT20 is a regulator of immune synapse assembly in T cells *in vitro*. However, how IFT20 regulates T cell development and function *in vivo* is largely unknown.

A mouse *IFT20* floxed allele (*IFT20^f/f^*) has been described by Jonassen *et al*.^[@bib15]^ Germline deletion of *IFT20* with Prm-Cre causes embryonic lethality.^[@bib15]^ So far, only HoxB7-Cre and human red/green pigment gene promoter-Cre have been used to study the role of IFT20 in kidney and photoreceptor cells.^[@bib15],[@bib16]^ In order to study the role of IFT20 in T cells *in vivo*, we deleted *IFT20* in early and later stages of T-cell development by crossing *IFT20^f/f^* mice with Lck-Cre or CD4-Cre transgenic mice, respectively, to generate T cell-specific *IFT20* knockout mouse models.

Rheumatoid arthritis (RA) is a systemic autoimmune disease accompanied by synovial inflammation and destruction of joints.^[@bib17]^ In order to uncover the pathogenesis of RA, several arthritis mouse models have been established, including collagen-induced arthritis (CIA), antigen-induced arthritis, collagen antibody-induced arthritis and TNF-α transgenic mouse model of inflammatory arthritis.^[@bib18; @bib19; @bib20]^ CIA is the most widely used experimental model of RA and recently has been extensively studied to identify the pathogenic mechanism of RA and to examine the effects of therapeutics. Type II collagen is exclusively expressed in the articular cartilage. Autoimmune response to type II collagen offers a validated mechanism by which the immune system contributes to the pathogenesis of RA in human patients. Therefore, the mouse CIA model shares both immunological and pathological features with human RA. Although both T cell- and B cell-specific responses to type II collagen contribute to immunopathogenesis of CIA, T cells are known to play critical roles in CIA initiation and disease perpetuation.^[@bib21]^ Defects in T cells have been shown to block the CIA initiation and development in mouse models.^[@bib22; @bib23; @bib24]^

Considering the potential role of IFT20 in TCR/CD3 recycling during T-cell activation, it is interesting to investigate whether deletion of IFT20 in the T-cell lineage affects CIA initiation and development. In this study, we challenged *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice with type II chicken collagen and analyzed CIA pathogenesis. We explored the role of IFT20 in T cells *in vivo* by comparing the incidence and the intensity of CIA in *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice with their wild-type littermates. Our results demonstrate that specific deletion of IFT20 in T cells with Lck-Cre or CD4-Cre did not lead to any gross changes in phenotypes such as body weight or the morphology and weight of spleen and thymus. However, specific deletion of *IFT20* at an early stage of T-cell differentiation with Lck-Cre significantly reduced CD4- and CD8-positive cells in both the thymus and spleen. Additionally, these mice showed significantly reduced incidence and severity of CIA. Unexpectedly, deletion of *IFT20* with CD4-Cre showed minor effect on CD4- and CD8-positive cell population and CIA development. This data suggests the complicated role of IFT20 in T-cell development and activation.

Materials and methods
=====================

Mice
----

*IFT20^f/f^* mice, Lck-Cre mice, and CD4-Cre mice were all purchased from the Jackson Laboratory (Bar Harbor, ME, USA). *IFT20^f/f^* mice have been previously described.^[@bib25]^ Mice carrying the *IFT20^flox^* allele were crossed with Lck-Cre mice or CD4-Cre mice in order to delete exons 2 and 3 and create *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice. Homozygous *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice are viable. Mouse genotyping was done by polymerase chain reaction (PCR) of proteinase K-digested toe DNA as we have previously described^[@bib26]^ by using two primers IFT20F (5′-ACT CAG TAT GCA GCC CAG GT-3′) and IFT20R (5′-GCT AGA TGC TGG CGT AAA G-3′), which yielded a 506 bp band for the flox allele and a 404 bp band for wild-type allele.^[@bib25]^ The presence of the Lck-Cre and CD4-Cre transgene was detected with the following primers CREF (5′-CCT GGA AAA TGC TTC TGT CCG TTT GCC-3′) and CREB (5′-GGC GCG GCA ACA CCA TTT TT-3′), which generated a PCR product of 550 bp. Mouse studies were approved by University at Buffalo Institutional Animal Care and Use Committee.

Isolation of T cells from spleen
--------------------------------

T cells were isolated from total spleen cells of *Lck-Cre/IFT20^+/+^*, *Lck-Cre/IFT20^f/f^*, *CD4-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice using a pan T-cell isolation kit (mouse; Miltenyi Biotec Inc., Auburn, CA, USA) following the manufacturer\'s instruction. T cells and non-T cells were used for *IFT20* expression analysis by quantitative real-time polymerase chain reaction (qPCR).

Flow cytometry
--------------

Spleen and thymus were harvested from *Lck-Cre/IFT20^+/+^*, *Lck-Cre/IFT20^f/f^*, *CD4-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice. Single cell suspensions were prepared by crushing the spleen or thymus, followed by passing through an 18.5 gauge needle three times. The cells were resuspended in 0.2% BSA--PBS and exposed to Fc block (anti-CD16/32; BD Pharmingen) for 15 min. Then, PE tagged anti-CD4 (553652; BD Pharmingen) and antigen-presenting cell-tagged anti-CD8 (553035; BD Pharmingen) were added. After 20 min incubation in the dark, the cells were washed and processed using a BD LSRFortessa flow cytometry machine.

Collagen-induced arthritis
--------------------------

CIA was induced following the protocol from Chondrex (Redmond, WA, USA). In brief, mice were immunized with 100 µL of 2 mg·mL^−1^ chicken type II collagen (Cat. No. 20012; Chondrex) emulsified in Complete Freund\'s Adjuvant (CFA, Cat. No. 7023; Chondrex) containing 5 mg·mL^−1^ *M. tuberculosis* intradermally at the base of the tail on day 0. On day 21, the mice were given booster injection with the same amount of chicken type II collagen and CFA intradermally at the base of the tail.^[@bib18]^

Evaluation of arthritis severity
--------------------------------

To quantitatively evaluate the severity of the arthritis, an arthritis score was evaluated every 3 days for as long as 66 days after the first immunization. Inflammation of the four paws was assessed by using the following scale from 0 to 4: grade 0, normal; grade 1, slight redness and swelling of the ankle or wrist; grade 2, moderate redness and swelling of ankle or wrist; grade 3, extensive redness and swelling of the entire paw including digits; grade 4, maximally inflamed limb with involvement of multiple joints showing joint distortion and/or rigidity. The maximum score per mouse was 16. Mouse with clinical score greater than 4 was given a diagnosis of arthritis. The mean arthritic score was determined in arthritic animals only.^[@bib27; @bib28; @bib29]^

Paw thickness measurement
-------------------------

The thickness of hind paws was measured using Precision Vernier Calipers (General, New York, NY, USA) and recorded 60 days after first immunization.^[@bib30]^

Histological assessment of arthritis
------------------------------------

For histological analysis, mice were sacrificed at day 66 after the first immunization. Hind paws were collected and fixed in 10% neutral formalin, decalcified with 10% EDTA for 1 week and embedded in paraffin. Then, 5-μm slices were prepared and stained with hematoxylin and eosin.^[@bib2]^ The joint sections were graded for disease severity using a scoring system from 0 to 4:^[@bib31],[@bib32]^ grade 0, normal ankle joint; grade 1, normal synovium with few mononuclear cells; grade 2, a few layers of flat to rounded synovial lining cells and dense infiltration with mononuclear cells; grade 3, hyperplasia of the synovium with mononuclear cells infiltration; and grade 4, severe synovitis with pannus and articular cartilage destruction.

Thymus and spleen assays
------------------------

Thymus and spleen were removed and weighed immediately after mice were killed at the end of the experiments. The thymus index was calculated as the ratio of thymus weight to mouse body weight (mg·g^−1^) and the spleen index was calculated as the ratio of spleen weight to mouse body weight (mg·g^−1^).^[@bib28],[@bib33]^

qPCR
----

Paws were quickly frozen in liquid nitrogen and ground with Trizol reagent using a chilled mortar and pestle for quality RNA isolation (Invitrogen, Carlsbad, CA, USA), following the manufacturer\'s instructions. cDNA was synthesized from 2 µg total RNA using RNA to cDNA EcoDry Premix kit (Clontech, Palo Alto, CA, USA). qPCR was performed with ABI PRISM 7500 real time PCR system (Invitrogen) using SYBR Green PCR master Mix (Invitrogen). Sequences and product lengths for each primer pair were as follows: IFT20 (forward: 5′-AGA AGC AGA GAA CGA GAA GAT G-3′; reverse: 5′-CAC AAA GCT TCA TAT TCA ACC CG-3′, 156 bp); IL-1β (forward: 5′-ACA GAT GAA GTG CTC CTT CCA-3′; reverse: 5′-GTC GGA GAT TCG TAG CTG GAT-3′, 73 bp);^[@bib34]^ IL-6 (forward: 5′-ATG GAT GCT ACC AAA CTG GAT-3′; reverse: 5′-TGA AGG ACT CTG GCT TTG TCT-3′, 139 bp)^[@bib35]^ and TGF-β (forward: 5′-TGA CGT CAC TGG AGT TGT ACG G-3′; reverse: 5′-GGT TCA TGT CAG GAT GGT GC-3′, 170 bp).^[@bib36]^ All of the reactions were run in triplicate and normalized to the housekeeping gene GAPDH.

Statistical analysis
--------------------

All data were represented as mean±standard deviation (s.d.). Differences between groups were evaluated by unpaired, two-tailed Student\'s *t*-test. *P* values less than 0.05 were considered to be significant.

Results
=======

Deletion of *IFT20* in different stages of T-cell development showed normal Mendelian genetics and normal phenotypes
--------------------------------------------------------------------------------------------------------------------

To investigate the roles of IFT20 in T cells, we generated T cell-specific *IFT20* knockout mice, as described in the section on 'Materials and methods'. Mice harboring loxP sites flanking the second and third exons of *IFT20* gene (*IFT20^f/f^*) were crossed with Lck-Cre or CD4-Cre transgenic mice ([Figure 1a](#fig1){ref-type="fig"}). Cre recombinase-mediated deletion removed the start codon and 71 of 132 codons of *IFT20* gene and produced a null mutant allele.^[@bib25]^ Genotyping of mice was performed by PCR analysis ([Figure 1b](#fig1){ref-type="fig"}). The bands of 506 bp represent the *IFT20^flox^* allele while the bands of 404 bp represent the wild-type allele (*IFT20^+^*). The 550 bp bands indicate that the Cre gene is present allowing Cre-mediated deletion the target gene. Both Lck-Cre and CD4-Cre transgenic lines are T cell-specific targeted Cre, which are known to delete target genes at early and later stages of thymocyte differentiation ([Figure 1a](#fig1){ref-type="fig"}). Double-negative (DN, CD4^−^CD8^−^) thymocytes go through four developmental stages (DN1 to DN4), which are distinguishable by their surface markers.^[@bib37]^ Lck promoter activity is first detected at the DN2 stage,^[@bib38]^ and the Lck-Cre transgene is expressed during early intrathymic development in the thymus.^[@bib38],[@bib39]^ CD4 is first expressed in the CD4^+^CD8^+^ double-positive (DP) thymocyte stage and, therefore, the CD4-Cre transgene is not expressed until a later stage of thymic development.^[@bib38]^ To detect the *IFT20* deletion in T cells, total T cells were harvested from the spleen of *Lck-Cre/IFT20^+/+^*, *Lck-Cre/IFT20^f/f^*, *CD4-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^+/+^* mice using the pan T-cell isolation kit. T cells were negatively selected and lysed with Trizol. Non-T cells were also harvested and used as a control. In mice without Cre, expression of IFT20 was about 1.5- to 2-fold higher in the T-cell population than the non-T-cell population of the spleen ([Figure 1c](#fig1){ref-type="fig"}). This suggests that T cells express more IFT20 than do non-T cells in the spleen (which comprise in large part B cells) and supports the idea that IFT20 may play a special role in T-cell development. IFT20 expression was significantly reduced (5- to 10-fold) in the T cells of *Lck-Cre/IFT20^f/f^* mice compared to that in the T cells from *Lck-Cre/IFT20^f/f^* mice ([Figure 1c](#fig1){ref-type="fig"}). IFT20 expression was also significantly reduced in the T cells of *CD4-Cre/IFT20^f/f^* mice compared to that in the T cells from *CD4-Cre/IFT20^+/+^* mice. However, IFT20 expression in T cells from *CD4-Cre/IFT20^f/f^* mouse was slightly (but not significantly) higher than that from *Lck-Cre/IFT20^f/f^*.

*Lck-Cre/IFT20^f/f^* and *CD4-cre/IFT20^f/f^* mice were born at normal Mendelian ratios and appeared normal ([Figure 2a and 2c](#fig2){ref-type="fig"}). Further analysis of spleen and thymus weights did not reveal any abnormalities. The spleens and thymuses in *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice have similar weights compared to wild-type control littermates ([Figure 2b and 2d](#fig2){ref-type="fig"}).

Deletion of *IFT20* in an early stage of T-cell differentiation reduced the population of CD4- and CD8-positive cells
---------------------------------------------------------------------------------------------------------------------

To investigate the role of *IFT20* in T-cell development, we detected the CD4- and CD8-positive cells in both thymus and spleen with flow cytometry. As shown in [Figure 3a and 3b](#fig3){ref-type="fig"}, depletion of *IFT20* in the beginning of DP stage with Lck-Cre resulted in a significant loss of CD4^+^, CD8^+^ and CD4^+^CD8^+^ T cells in the spleen, while it increased the CD4^−^CD8^−^ population. In the thymus, the CD4^+^ and CD8^+^ T cells were also significantly reduced, accompanied by increased CD4^−^CD8^−^ cell numbers. However, the numbers of CD4 and CD8 single- and double-positive T cells were not apparently affected when *IFT20* was deleted with CD4-Cre ([Figure 3c and 3d](#fig3){ref-type="fig"}), indicating that the loss of *IFT20* in DP stage does not significantly alter thymocyte differentiation. These findings suggest that IFT20 may function in DN proliferation, but is not required for further differentiation.

Deletion of *IFT20* at an early stage of T-cell differentiation suppressed the development of CIA
-------------------------------------------------------------------------------------------------

To determine the functional role of IFT20 in T cell-mediated inflammatory diseases, we created the CIA model in wild-type and *IFT20* mutant mice. The C57/BL6 strain has been considered to be a CIA-resistant strain, due to little or no incidence of CIA upon immunization.^[@bib18],[@bib40]^ However, Campbell *et al*.^[@bib27]^ successfully induced arthritis at relatively high incidence in CIA-resistant mouse strains, such as C57BL/6, C57BL/10, and 129/Sv mice (H-2b) with CFA, which contains 5 mg·mL^−1^ of *M. tuberculosis*. We used this CIA model with a slight modification, and the immunization schedule followed is shown in [Figure 4a](#fig2){ref-type="fig"}. Six- to seven-week-old, age-matched *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* C57BL/6 mice were chosen for generating the CIA model. Stable emulsions with an equal volume of CFA (containing 5 mg·mL^−1^ of *M. tuberculosis*) and chicken type II collagen solution (2 mg·mL^−1^ in 0.05 mol·mL^−1^ acetic acid) were prepared immediately before the injection on day 0 (initial immunization) and day 21 (booster injection). Each mouse received an accurate 0.1 mL of the emulsion each time. For the initial immunization, the injection site was 2 cm from the base of the tail, and a 25 gauge×5/8″ needle was used to reach to 0.5 cm from the base for injection. The booster injection was inserted at 3 cm from the base of the tail until the needle tip reached 1.5 cm from the base ([Figure 4a](#fig4){ref-type="fig"}). The needle was wiped and inserted bevel up and parallel to the tail in order to prevent leakage of emulsion. We observed arthritis at week 5 after the first immunization. The maximum incidence of arthritis was achieved at 6--7 weeks. To quantitatively evaluate the severity of the arthritis, four paws were observed and measured every 3 days up to 66 days after the first immunization using the grades as described in the section on 'Materials and methods'. The incidence of CIA was significantly lower in the *Lck-Cre/IFT20^f/f^* group than that in the *Lck-Cre/IFT20^+/+^* group ([Figure 4c](#fig4){ref-type="fig"}). Even during development of the arthritis, the severity of the disease in *Lck-Cre/IFT20^f/f^* mice was much less than that in *Lck-Cre/IFT20^+/+^* mice ([Figure 4b and 4c](#fig4){ref-type="fig"}). The hind paw of *Lck-Cre/IFT20^+/+^* displayed severe joint inflammation evidenced by marked swelling and erythema of paws ([Figure 4e](#fig4){ref-type="fig"}). In contrast, *Lck-Cre/IFT20^f/f^* mice were resistant to developing CIA and showed no signs or only slight signs of paw and/or joint swelling ([Figure 4e](#fig4){ref-type="fig"}). The thickness of hind paws was measured at the end of the experiment. *Lck-Cre/IFT20^f/f^* mice had significantly thinner paws than *Lck-Cre/IFT20^+/+^* mice, which confirmed that the development and severity of CIA was reduced in *Lck-Cre/IFT20^f/f^* mice ([Figure 4f](#fig4){ref-type="fig"}).

Deletion *IFT20* in more mature T cells had only mild effects on the development of CIA
---------------------------------------------------------------------------------------

To further determine the role of IFT20 in T cells, *CD4-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^+/+^* mice were subjected to CIA induction. Although *CD4-Cre/IFT20^f/f^* mice showed a delay in the development of arthritis, the incidence of CIA was similar in the *CD4-Cre/IFT20^f/f^* group compared to the *CD4-Cre/IFT20^+/+^* group ([Figure 5b](#fig5){ref-type="fig"}). Average clinical scores and maximum scores were not significantly different between *CD4-Cre/IFT20^f/f^* mice and *CD4-Cre/IFT20^+/+^* mice during the development of arthritis ([Figure 5a and 5c](#fig5){ref-type="fig"}). The hind paws of *CD4-Cre/IFT20^+/+^* mice and *CD4-Cre/IFT20^f/f^* mice displayed swelling and erythema with similar paw thicknesses ([Figure 5d and 5e](#fig5){ref-type="fig"}).

Deletion of *IFT20* protected against histopathological progression of arthritis in *Lck-Cre/IFT20^f/f^* mice, but not in *CD4-Cre/IFT20^f/f^*
----------------------------------------------------------------------------------------------------------------------------------------------

In the histological analysis, the affected joints of *Lck-Cre/IFT20^+/+^* mice and *CD4-Cre/IFT20^+/+^* mice showed typical features of arthritis, characterized by synovial hyperplasia and perivascular infiltration of inflammatory cells. In severely affected joints, there was marked cartilage destruction ([Figure 6a and 6d](#fig6){ref-type="fig"}). However, the joints of *Lck-Cre/IFT20^f/f^* mice did not have any significant sign of tissue degeneration or inflammation. In contrast, both *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice showed a similar level of joint inflammation and articular cartilage degeneration ([Figure 6d](#fig6){ref-type="fig"}). Semiquantitative scoring of these histological parameters confirmed that arthritic severity in *CD4-Cre/IFT20^f/f^* was comparable to that of *CD4-Cre/IFT20^+/+^* mice ([Figure 6e](#fig6){ref-type="fig"}), whereas *Lck-Cre/IFT20^f/f^* mice were strongly protected against CIA histopathology ([Figure 6b](#fig6){ref-type="fig"}).

The thymus and spleen were weighed to calculate the respective indices at the end of the experiments. Results showed that thymus and spleen indices were higher in *Lck-Cre/IFT20^+/+^* mice compared to *Lck-Cre/IFT20^f/f^* mice ([Figure 6c](#fig6){ref-type="fig"}). However, these indices were not greatly different in *CD4-Cre/IFT20^f/f^* mice compared to *CD4-Cre/IFT20^+/+^* mice ([Figure 6f](#fig6){ref-type="fig"}).

To further confirm the degree of inflammation and cartilage degradation of the joint in the CIA mice, we performed the qPCR to detect expression of IL-1β, IL-6 and TGF-β1 in the paw. IL-1β is a crucial cytokine that mediates both arthritis and cartilage destruction.^[@bib41]^ IL-6, which participates in the pathogenesis of RA, is the most powerful pro-inflammatory cytokine.^[@bib42]^ TGF-β1 is highly expressed in the later stages of CIA.^[@bib43],[@bib44]^ Total RNA from the paw was harvested as described in the section on 'Materials and methods'. qPCR results indicated that expression of IL-1β, IL-6 and TGF-β1 were all significantly lower in the paw of *Lck-Cre/IFT20^f/f^* mice ([Figure 6g](#fig6){ref-type="fig"}). As expected, the expression of IL-1β, IL-6 and TGF-β1 was not significantly different in *CD4-Cre/IFT20^f/f^* compared to *CD4-Cre/IFT20^+/+^* mice ([Figure 6h](#fig2){ref-type="fig"}).

Discussion
==========

IFT proteins are known to form IFT complexes A and B. These proteins interact with other proteins to build cilia and maintain cilia function.^[@bib45]^ Mutations of IFT or defects in cilia that have been implicated in human disease are called ciliopathies.^[@bib46],[@bib47]^ These effects of these mutations demonstrate the critical role of primary cilia and IFT proteins in organ development and function.

Hematopoietic lineage cells are an exception, however, because they lack cilia.^[@bib45],[@bib48]^ The reason is not yet known. However, Finetti *et al*.^[@bib14]^ recently discovered that IFT20 was expressed in both lymphoid and myeloid lineage cells, suggesting a role of IFT proteins beyond cilia development and function. In most eukaryotic cells, IFT20 is localized in cilia, the centrioles, and the Golgi. IFT20 selects and marks vesicles, which contain ciliary proteins, and later assembles these with IFT complexes and transports them within the cilium.^[@bib49]^ In T lymphocytes, IFT20 is associated with the centriole, Golgi and post-Golgi membrane compartments and required for TCR/CD3 trafficking and immune synapse formation in T lymphocytes in antigen-specific conjugates.^[@bib14]^ Other IFT proteins, such as IFT88 and IFT57, along with IFT-dependent motor kinesin-2, are also expressed in lymphoid and myeloid cells.^[@bib14]^ These findings suggest that all or some of the IFT proteins could exist and function in T cells, supporting the theory that the immune synapse may be a type of 'frustrated cilium' and share similar molecular mechanisms.^[@bib48]^ Immune synapse formation facilitates detailed antigen recognition and effective T-cell responses and, thus, is important for T-cell activation.^[@bib50],[@bib51]^ Knockdown of *IFT20* inhibits TCR recycling and disrupts synapse formation *in vitro*.^[@bib14]^ However, the role of IFT20 in regulating T-cell development and activation *in vivo* is largely unknown. Our study, for the first time, analyzed the role of IFT20 in T cells in a mouse CIA model.

In our study, we crossed *IFT20^f/f^* mice with Lck-Cre and CD4-Cre mice to delete *IFT20* in the T-cell lineage at early and later stages. Both Lck-Cre and CD4-Cre transgenic lines have been extensively used in the studies of lymphoid progenitors at different developmental stages,^[@bib38],[@bib39]^ which have shown that these lines can delete genes at specific early and later stages of T-cell development. The major stages of T-cell maturation in the thymus are DN (CD4^−^CD8^−^), DP (CD4^+^CD8^+^) and SP (CD4^+^ or CD8^+^) ([Figure 1a](#fig1){ref-type="fig"}). Lck-Cre mediated deletion occurs in the DN stage and CD4-Cre targeted deletion begins later in the DP stage. We confirmed that the IFT20 gene was efficiently deleted in both *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice. Both *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice were normal and healthy without any significant defects in thymus or spleen size ([Figure 2](#fig2){ref-type="fig"}). However, we found deletion of *IFT20* with Lck-Cre arrested T cells further along in development than the DP stage ([Figure 3a and 3b](#fig3){ref-type="fig"}). When the cells go through the DN2 to DN4 stages, they express the pre-TCR. Successful pre-TCR expression and translocation to the cell surface is required for DN4 to DP transition. This is called beta-selection.^[@bib52],[@bib53]^ Since IFT20 involvement in transportation is important for the TCR expression, deletion of *IFT20* may cause partial impairment of passing beta-selection. Unexpectedly, CD4-Cre-mediated *IFT20* deletion did not apparently affect DP T-cell differentiation to SP T cells, indicating IFT20 likely does not function or play a minor role in T-cell maturation.

Studies of our CIA mouse models have shown that T-cell activation is important in the initiation and pathogenesis of inflammatory arthritis.^[@bib54]^ To investigate whether loss of IFT20 in T-cell lineage affects T-cell development and activation, we employed a mouse CIA model in wild-type and *IFT20* mutant mice. Chicken type II collagen can activate collagen-specific T cells with the help of antigen-presenting cells, leading the activated T cells to cross-react with and damage the body\'s own type II collagen through activation of B cells and other immune cells. We found that *Lck-Cre/IFT20^f/f^* mice were resistant to chicken type II collagen-induced arthritis. *Lck-Cre/IFT20^f/f^* mice had significantly lower average and maximum clinical arthritis scores, inflammation scores and paw thicknesses compared to *Lck-Cre/IFT20^+/+^* mice. This data confirmed that *IFT20* deficiency from an early stage of thymocyte differentiation blocked functional T-cell formation and eventually inhibited T-cell response to the collagen challenge. Surprisingly, *CD4-Cre/IFT20^f/f^* mice had no significant difference from *CD4-Cre/IFT20^+/+^* mice in this respect. In addition to the CIA model, we have also challenged *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice with *Borrelia burgdorferi* to induce Lyme disease and associated destructive arthritis.^[@bib55]^ The role of T cells in development and exacerbation of Lyme disease has been defined.^[@bib56]^ Consistent with our CIA results, *Lck-Cre/IFT20^f/f^* mice have less inflammation in paw joints while *CD4-Cre/IFT20^f/f^* did not display any significant difference from *CD4-Cre/IFT20^+/+^* in response to *Borrelia burgdorferi* challenge (unpublished data), suggesting IFT20 likely plays a more important role in the early stage of T-cell differentiation.^[@bib57]^

Cytokines are involved in primary cartilage damage and synovial activation of osteoarthritis. Our data has shown that T cells from CIA models of wild-type and *IFT20* mutant mice (Lck-Cre or CD4-Cre) can be subjected to antigen-specific (type II collagen) proliferation and cytokine production.^[@bib58]^ IL-1 is a potent pro-inflammatory cytokine, which is capable of inducing chondrocytes and synovial cells to synthesize the matrix metalloproteinases, which are responsible for the degradation of cartilage. TGF-β is well-characterized as a potent chondrocyte growth factor. TGF-β not only stimulates de novo matrix synthesis, but also counteracts cartilage degradation by down-regulating IL-1 receptor expression and by increasing both IL-1 receptor antagonist release and the expression of tissue inhibitors of matrix metalloproteinases. IL-6 is the most powerful pro-inflammatory cytokine which participates in the pathogenesis of RA.^[@bib42]^ By analyzing these cytokines, we found that the expression of IL-1β, IL-6 and TGF-β1 was significantly decreased in the paw of *Lck-Cre/IFT20^f/f^* mice ([Figure 6g](#fig4){ref-type="fig"}). These finding demonstrate that IFT20 plays crucial role in the early stage of T-cell differentiation and function. In the late stage of T-cell differentiation, IFT20 did not markedly affect T-cell maturation and the response of T cells to type II collagen antigen. Consistent with these finding, the expression of IL-1β, IL-6 and TGF-β were not significantly different in *CD4-Cre/IFT20^f/f^* compared to *CD4-Cre/IFT20^+/+^* ([Figure 6h](#fig4){ref-type="fig"}). Our *in vivo* results identify that IFT20 is an important regulator in T-cell early stage differentiation and function and provide the first evidence to implicate IFT20 might be unimportant for late stage of CD4 T-cell maturation and function.
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![Deletion of IFT20 in different stages of T-cell development showed normal Mendelian genetics and normal phenotypes. (**a**) Structure of *IFT20^flox^* and *IFT20^Null^* alleles. Two loxP sites were inserted into IFT20 locus flanking exon2 and exon3. Lck-Cre or CD4-Cre mediated the excision of exons 2 and 3 and converted *IFT20^flox^* to *IFT20^Null^*. Lck-Cre and CD4-Cre are T cell-specific Cre transgenes driven either by Lck or CD4 promoter. The stages of thymocyte differentiation where the proximal Lck and CD4 promoters are active are indicated. DN: double negative; DP: double positive. (**b**) Genotyping showed wild-type and conditional alleles as well as the Cre recombinase transgene. The sequence of primers is given in the section on 'Materials and methods'. (**c**) qPCR analysis shows less IFT20 mRNA expression in T cells from *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* spleen. The expression of IFT20 was normalized to GAPDH expression (\**P*\<0.001 *versus* controls). Spleen cells: spleen cells from wild-type mouse; T cells: sorted T cells from spleen; non-T cells: other cells in spleen.](boneres201438-f1){#fig1}

![Both *Lck-Cre/IFT20^f/f^* and *CD4-Cre/IFT20^f/f^* mice were indistinguishable from wild-type littermates in mouse body size, and in the morphology and weights of the spleen and thymus. (**a**) Representative photograph of *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice at 3 months of age showing similar body mass and appearance. (**b**) Thymus and spleen from *Lck-Cre/IFT20^f/f^* mice shown next to those from a *Lck-Cre/IFT20^+/+^* littermate. Similar *Lck-Cre/IFT20^f/f^* thymic weight was found compared to age-matched *Lck-Cre/IFT20^+/+^* (*n*=10, *P*\>0.05) (**c**) Representative photograph of *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice at 3 months of age showing similar body mass and appearance. (**d**) Thymus and spleen from *CD4-Cre/IFT20^f/f^* mice shown next to those from a *CD4-Cre/IFT20^+/+^* littermate. Similar *Lck-Cre/IFT20^f/f^* thymic weight was observed compared to *CD4-Cre/IFT20^+/+^* littermate (*n*=10, *P*\>0.05) ND, no significant difference.](boneres201438-f2){#fig2}

![Deletion *IFT20* in double-negative thymocytes affected the T-cell development. (**a**) Thymuses and spleens were collected from 1-month-old *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice; the cells were analyzed by flow cytometry for CD4 and CD8 expression. In the flow cytometry pictures: top left represents CD8^+^CD4^−^ cells; top right represents CD8^+^CD4^+^ cells; bottom left represents CD8^−^CD4^−^ cells; and bottom right represents CD8^−^CD4^+^ cells. (**b**) Number of CD4 single-positive (CD4^+^), CD8 single-positive (CD8^+^), CD4 and CD8 double-positive (CD4^+^CD8^+^), and CD4 and CD8 double-negative (CD4^−^CD8^−^) (*n*=4, \**P*\<0.01). (**c**) Flow cytometry of cells from thymuses and spleens of *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice. (**d**) Number of CD4 single-positive (CD4^+^), CD8 single-positive (CD8^+^), CD4 and CD8 double-positive (CD4^+^CD8^+^) and CD4 and CD8 double-negative (CD4^−^CD8^−^) (*n*=4).](boneres201438-f3){#fig3}

![Deletion IFT20 in double-negative thymocytes affected the development of CIA. (**a**) Timeline for the CIA mouse model. Seven- to eight-week-old mice were immunized with 100 µL emulsion containing equal volume of CFA (including 5 mg·mL^−1^ of *M. tuberculosis*) and chicken type II collagen solution (2 mg·mL^−1^ in 0.05 mol·mL^−1^ acetic acid). The booster injection (Insert site: 3 cm from the base of the tail Injection site: 1.5 cm from the base) was made with the same emulsions 21 days after initial injection (Insert site: 2 cm from the base of the tail Injection site: 0.5 cm from the base). Arthritis usually can be observed 4--6 weeks after the first immunization with the maximum incidence of arthritis at 6--7 weeks. All the experimental mice were harvested at day 66 for the histological analysis. (**b**) Mean clinical scores±s.d. of arthritis in *Lck-Cre/IFT20^+/+^* (*n*=6) and *Lck-Cre/IFT20^f/f^* mice (*n*=4) with arthritis (*P*\<0.01 after day 40). (**c**) Percentage of mice of *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice that developed arthritis (*n*=10, *P*\<0.05 after day 40). (**d**) The maximum clinical score was recorded until day 66 (*n*=10, \**P*\<0.01). (**e**) Hind paws of type II collagen immunized *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice. (**f**) The hind paw thickness was measured at day 66 to indicate arthritis development (*n*=10, \**P*\<0.01).](boneres201438-f4){#fig4}

![Deletion of *IFT20* in more mature T cells had only mild effects on the development of CIA. (**a**) Mean clinical scores±s.d. of arthritis in *CD4-Cre/IFT20^+/+^* (*n*=6) and *CD4-Cre/IFT20^f/f^* mice (*n*=6) immunized with chicken type II collagen emulsified in CFA. (**b**) Percentage of *CD4-Cre/IFT20^+/+^* mice and *CD4-Cre/IFT20^f/f^* mice that developed arthritis (*n*=10). (**c**) The maximum clinical score was recorded until day 66 (*n*=10). (**d**) Hind paws of type II collagen immunized *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice. (**e**) The hind paw thickness was measured at day 66 to indicate arthritis development (*n*=10). ND indicates no significant difference.](boneres201438-f5){#fig5}

![Deletion of IFT20 protected against histopathological progression of arthritis in *Lck-Cre/IFT20^f/f^* mice, but not in *CD4-Cre/IFT20^f/f^* mice. (**a**) Representative H&E-stained section of interphalangeal joints from *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice. Synovial hyperplasia and pannus formation were inhibited and destruction of articular cartilage was alleviated in *Lck-Cre/IFT20^f/f^* mice. Arrow indicates cartilage destruction; Δ indicates infiltration of inflammatory cells; \* indicates fibrovascular synovial and periarticular proliferation. (**b**) The histopathological change was scored and data is expressed as mean ± S.D. for each group of 6 samples (*n*=6, *P*\<0.01). (**c**) Indices of thymus and spleen in CIA in *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice (*n*=8). (**d**) Representative H&E-stained section of interphalangeal joints from *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice. (**e**) Histological scores of synovial inflammation and cartilage erosion was shown as mean±s.d. (*n*=6). (**f**) Indices of thymus and spleen in collagen-induced arthritis in *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice (*n*=8). (**g**) Comparison of IL-1, IL-6 and TGF-β1 mRNA levels in the hind paws of *Lck-Cre/IFT20^+/+^* and *Lck-Cre/IFT20^f/f^* mice (*n*=4, *P*\<0.01). (**h**) Comparison of IL-1, IL-6 and TGF-β1 mRNA levels in the hind paws of *CD4-Cre/IFT20^+/+^* and *CD4-Cre/IFT20^f/f^* mice (*n*=4). ND indicated no significantly difference. H&E, hematoxylin and eosin.](boneres201438-f6){#fig6}
